We report on a record 2% extracted optical-to-terahertz conversion efficiency in the mm-wavelength range through optical rectification in cryogenically-cooled lithium niobate by exploiting spatial and temporal shaping of the optical pump beam. The generation of strong-field terahertz (THz) radiation is of increased interest in science, security, and medical technology [1]. Currently, the most efficient way of THz generation is by optical rectification or difference frequency generation of an optical source [2]. As a consequence, investigating and accessing the limit of its efficiency is crucial in upscaling the generated THz power to yet unexplored regimes, as well as in easing the energy and power requirements of the optimum optical source. Optical rectification in lithium niobate with pulse front tilting (PFT) has already shown to be very successful in generating highly energetic single-cycle fields in the 0.1-1 THz frequency range (3-0.3 mm wavelength range) but has never exceeded a measured level well above 1% opticalto-THz conversion [3,4].
The generation of strong-field terahertz (THz) radiation is of increased interest in science, security, and medical technology [1] . Currently, the most efficient way of THz generation is by optical rectification or difference frequency generation of an optical source [2] . As a consequence, investigating and accessing the limit of its efficiency is crucial in upscaling the generated THz power to yet unexplored regimes, as well as in easing the energy and power requirements of the optimum optical source. Optical rectification in lithium niobate with pulse front tilting (PFT) has already shown to be very successful in generating highly energetic single-cycle fields in the 0.1-1 THz frequency range (3-0.3 mm wavelength range) but has never exceeded a measured level well above 1% opticalto-THz conversion [3, 4] .
Here, we present the highest measured conversion efficiency reported to date in congruent lithium niobate with a twofold increase (2%) and expound in detail on the main optimization parameters that enable maximum energy extraction with efficiencies at nearly the theoretical limit. We achieve these results by exploiting three key parameters of any generalized PFT setup: (i) the low linear THz absorption coefficient of lithium niobate at cryogenic temperatures; (ii) control over the temporal chirp of the pump pulses; and (iii) decoupling of sagittal and tangential focusing of the pump beam into the lithium niobate crystal. Our PFT setup consists of a 5.5% MgO-doped congruent lithium niobate (cLN) prism pumped by a 63°-tilted pulse front at 1030 nm central wavelength from a mJ-level Yb:KYW regenerative amplifier at 1 kHz repetition rate. We measure the extracted energy with a calibrated pyroelectric detector. We henceforth refer to extracted energy/efficiency as that coupled out of the cLN crystal, transported, and detected onto the detector; and to intrinsic efficiency as that generated in the crystal before it is absorbed, outcoupled, transported, and detected (i.e. the energy efficiency corresponding to the internal photon-to-photon conversion). We can achieve up to 68 μJ of extracted THz energy and a corresponding extracted conversion efficiency of 2% with the cLN prims cooled to nearly cryogenic a) b)
temperatures, as shown in Fig. 1 .a. The extracted efficiency saturates at about 50 GW/cm 2 pump peak intensity. Cryogenically cooling cLN is crucial in significantly reducing the linear absorption coefficient for THz radiation, resulting in a longer optimal nonlinear interaction compared to that at room temperature. We measure an absolute fourfold increase in extracted efficiency under the same conditions other than crystal temperature. Fig. 2 . a) Relative extracted efficiency as a function of residual group-delay dispersion (GDD) from a grating-pair compressor for three independent setups with optimal operation points at different pump pulse durations; b) Focused THz beam with 0.73 and 0.83 mm FWHM tangential and sagittal diameters, respectively; c) Absolute spectral power of the input and red-shifted output pulses at maximum 2% efficiency.
We also exploit the temporal dispersion of the pump pulse (with a fixed bandwidth of 2.6 nm) in order to finetune its PFT-angle and thereby find an optimum phase-matching condition (Fig. 2.a) . This optimization process occurs at the expense of reduced peak-intensity due to the temporal stretching of the pulse with increased residual GDD (Fig. 2.a inset) , although it also determines that employing chirped pulses with GDD < 10 6 fs 2 overcomes such detrimental effect.
The last key feature of our optimized setup is the use of two orthogonal cylindrical lenses for the PFT imaging system. Tangential focusing is inherently bound to the imaging condition imposed by the phase-matching angle, whereas sagittal is not. Decoupling of both allows for independent focusing of both orthogonal axes such that the spatial quality and energy of the extracted THz beam is maximized. Two orthogonal cylindrical lenses may also correct for an arbitrary degree of pump beam ellipticity. As a result, we are able to extract nearly diffraction-limited Gaussian beams yielding average field-strengths as high as 0.2 GV/m with 68 μJ energy.
Finally, we estimate the intrinsic efficiency from the measured center of mass of the output IR spectrum, shown in Fig. 2 .c. The cascaded optical-to-THz photon conversion process causes the input pulse to red-shift with a centerof-mass at 1060 nm, corresponding to a nominal number of ~27 cascaded cycles, or alternatively, an intrinsic efficiency of 2.77%. The difference between extracted and intrinsic efficiencies arises primarily from outcoupling and transport, and validates our reported values.
In summary, we have been able to exploit material and pump beam properties to achieve a record conversion efficiency through PFT. More sophisticated spatial and spectral pump shaping may still yield further enhancements in conversion efficiency.
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